For enhancing the partial nitritation-anammox (PN/A) process, the effects of granule fraction on system performance were investigated in this study. Two sequencing batch reactors (SBRs) were inoculated with PN/A biomass with a floc mass fraction of 53%. In SBR1, when the nitrogen removal rate (NRR) was stable, flocculent sludge was gradually discharged from the reactor using a screen, and the granule fraction was therefore increased. However, nitrogen removal was not improved and finally deteriorated due to the loss of nitritation activity. In SBR2, most flocculent sludge was eliminated and granular proportion was maintained at over 90% by controlling a short settling and decanting time. NRR was low initially but gradually improved to 1.23 kg N/(m 3 ·d), which was 54% higher than SBR1. Ammonium oxidation activities of flocs and granules were respectively measured.
INTRODUCTION
Partial nitritation-anammox (PN/A) is a promising biological nitrogen removal process. It comprises partial nitrification by ammonium-oxidizing bacteria (AOB) followed by the subsequent conversion of nitrite and ammonium to dinitrogen by anammox bacteria. Compared to a conventional nitrification-denitrification process, PN/A not only saved aeration energy but also required no organic carbon for nitrogen removal (Kartal et al. ; Wett et al. ) . Thus far, the PN/A process has been successfully established to treat wastewaters with a high ammonium concentration (Joss et al. ; Lackner & Horn ) .
Granular sludge is feasible to enrich anammox bacteria since it has a long biomass retention time, and has been widely involved in PN/A processes (Strous et al. ; Vlaeminck et al. ) . It has been reported that the anammox activity of granules could be three times higher than that of flocs (Innerebner et al. ) . In our previous studies, anammox bacteria were also found mainly attached to the granular sludge according to the activity and molecular measurement (Zhang et al. ; Yang et al. ) . The PN/A process application is usually limited by the anammox bacteria due to its slow growth rate. Thus, enhancing retention of granular sludge would improve anammox growth and increase the nitrogen removal rate (NRR) (Vlaeminck et al. ) . Indeed, Wett et al. () used a cyclone to wash out flocculent sludge and retain granular sludge; the anammox activity in the cyclone underflow was successfully boosted to more than 44 times that of the overflow. Shi et al. () also reported that the ratio of anammox/AOB was significantly improved by using a hydrocyclone. However, flocculent sludge also plays an important role since it has a high abundance of AOB. Aggressive discharge of flocculent sludge might seriously affect nitritation activity and cause the deterioration of PN/A systems (Hubaux et al. ; Shi et al. ) . The effects of granule/floc ratio on nitrogen removal performance and the stability of the PN/A process remain unclear. An appropriate strategy of adjusting the granule/floc ratio should be developed to promote nitrogen removal from PN/A reactors.
In this study, the PN/A process was established in two sequencing batch reactors (SBRs) by inoculating the PN/A biomass with a high flocs' fraction. Then flocculent sludge was discharged under different strategies. Based on the experimental results, nitrogen removal performance at different granule/floc ratios was compared and an appropriate sludge discharge strategy was proposed.
MATERIALS AND METHODS
Laboratory-scale reactor set-up Two cylindrical laboratory-scale sequencing batch reactors (SBR1 and SBR2) were set up. Both the reactors were equipped with an aeration unit and a heating system. Temperature in the reactors was controlled at 32 ± 2 W C. Both the reactors were fed with synthetic ammonium-rich wastewater. The concentrations of initial chemical oxygen demand (COD) and ammonium in each cycle of the two SBRs were 43.7-110.3 and 176-839 mg/L, respectively. The COD/total nitrogen (TN) ratio was below 0.63. Solutions of NaHCO 3 were added to provide a buffering capacity. The initial alkalinity concentration was 1.18-3.92 mM HCO 3 À /L.
The seeding sludge was collected from a pilot-scale onestage PN/A SBR in Gaobeidian wastewater treatment plant (WWTP) (Yang et al. ) . As shown in Figure 1 , granules and flocs co-existed in the seeding sludge and the mass percentages were 47% and 53%, respectively; they were divided by a 200 μm screen (Han et al. ) .
Experimental procedure of SBR1 and SBR2 SBR1 was inoculated with the mixed liquors (5,373 mg/L) of the pilot-scale PN/A reactor. When the system performance stabilized, flocculent sludge was gradually discharged using a 200 μm screen and granular sludge was returned to the reactor. The solids retention time (SRT) of the flocculent sludge was controlled at 12 days. No granular sludge discharge was conducted in SBR1. The cycle pattern of SBR1 was 10 min feeding, 660 min aeration, 30 min settling, and 20 min decanting. Dissolved oxygen (DO) concentration during the aeration period was 0.13-0.38 mg/L. The nitrite concentration in the reactor was monitored regularly and maintained below 40 mg/L by controlling the aeration supply.
The operation of SBR2 included two phases: Phase I (day 1-34) and Phase II (day 35-100). At the start of Phase I, most of the flocculent sludge was elutriated in one step and its concentration was below 43 mg/L. In Phase II, the concentration of flocculent sludge was elevated to 290 mg/L by a second inoculation. The cycle pattern in Phase I and Phase II was identical: 10 min feeding, 660 min aeration, 2 min settling, and 2.5 min decanting. DO concentration in the reactor was controlled below 0.15 mg/L in Phase I and gradually increased from 0.15 to 1.5 mg/L in Phase II, while the nitrite concentration in the reactor was maintained below 40 mg/L as well.
Analytical methods

The concentrations of COD, NH
and mixed liquor suspended solids (MLSS) were measured according to Standard Methods (APHA ). Temperature, DO, and pH value were monitored by a WTW pH/oxi 340i meter (WTW, Germany). The microbial community was analyzed by high-throughput sequencing. The ex-situ activity was evaluated by an oxygen uptake test as follows: flocculent and granular sludge were taken from the reactor and washed 5-6 times using deionized water. The sludge samples were combined with NH 4 Cl (30 mg/L NH 4 þ -N) and aerated through diffusors with oxygen in a concentration range of 6-8 mg/L. Then sludge samples were introduced into a confined bottle with a magnetic stirrer at room temperature and the DO concentration was continuously monitored. The concentration of MLSS of sludge samples was also measured after the test. The slope of the dissolved oxygen decrease was the oxygen consumption rate of AOB in this study. The substrate conversion rate of AOB was calculated based on the MLSS concentration In SBR1, a gradual discharge of flocculent sludge eventually triggered the decrease of NRR. According to ex-situ activity measurement, nitritation activity mainly resided in the flocculent sludge, and the biomass specific values were stable. The excessive discharge of flocculent sludge resulted in a decrease of AOB abundance and nitritation activity. Initially, the nitritation activity could be maintained by increasing the DO concentration and NRR was stable (Yang et al. ) . Nevertheless, when the flocs' fraction was reduced to 28%, the DO concentration could not be further increased since anammox activity was inhibited and nitrite accumulated to an inhibitory level (Jin et al. ; Corbala-Robles et al. ). In this case, DO concentration was maintained at a low level and nitritation became the rate-limiting step, as reported by Lotti et al. () . The system performance was therefore significantly impacted.
Strategy II: most flocculent sludge was discharged at one step in SBR2
In Phase I of SBR2, most flocculent sludge was discharged from the reactor and its percentage was reduced to below 1.2% of the total biomass. The ammonium removal rate significantly decreased below 0.176 kg N/(m 3 ·d). Despite the low production rate, nitrite accumulated to 22.1-82.4 mg/L in the effluent, indicating anammox bacteria were inhibited even though DO concentrations were below 0.22 mg/L (Jung et al. ) . These experimental results suggested that anammox bacteria were more sensitive to oxygen and nitrite when flocculent sludge were discharged from the co-existing system of flocs and granules. In Phase II, the flocculent sludge concentration was increased to 280 ± 110 mg/L, accounting for 7% of the total biomass. Consequently, effluent ammonium sharply decreased and effluent nitrate slightly increased (Figure 3) . During days 34-40, both the ammonium and nitrite concentrations in the effluent steadily decreased. NRR was therefore improved to 0.27 kg N/(m 3 ·d). Afterwards, the DO concentration in the reactor was gradually elevated from 0.15 to 1.5 mg/L. NRR grew rapidly and finally stabilized at about 1.23 kg N/(m 3 ·d), which was 54% higher than in SBR1. The nitrogen pathway calculated by stoichiometry showed that the contribution of denitrification for the nitrogen removal in the reactors could be disregarded (lower than 4%). Besides, ammonium nitrogen oxidized by AOB and anammox bacteria was 57% and 43%, respectively.
To investigate the mechanism of nitrogen removal improvement in SBR2, nitritation activity of flocculent and granular sludge was measured. As shown in Table 1 , the specific nitritation activity of the flocculent sludge in SBR2 was comparable to SBR1. Specific nitritation activity of the granular sludge significantly increased to 9.07 mg N-NH 4 þ /(gMLSS·h), indicating AOB was successfully enriched in the granules. Overall, granules contributed 86.5% of nitritation activity in SBR2. When most flocculent sludge was discharged from the reactor, AOB in granules could maintain the nitritation activity and protect the anammox bacteria from oxygen inhibition (Morales et al. ) . Therefore, the PN/A system could be operated at higher DO concentrations (1.48 ± 0.08 mg/L) and NRR was promoted.
Microbial community analysis
The abundances of functional microorganisms including AOB and anammox bacteria were investigated by Illumina MiSeq sequencing of 16S rRNA gene amplicons. As shown in Table 2 , Nitrosomonas presented as the sole AOB genus in sludge samples, while two genera of anammox bacteria, Candidatus Brocadia and Candidatus Kuenenia, were detected. In SBR1, the relative abundance of AOB in the flocculent sludge was 6.16%, which was three times higher than that in the granules (1.99%). This result was consistent with the outcomes of biomass activity measurement. Therefore, in a combined system, excessive discharge of flocculent sludge would reduce the AOB abundance and impact the nitritation activity. In SBR2, AOB abundance (6.57%) significantly increased compared to the granular sludge in SBR1. The simultaneous enrichment of AOB and anammox bacteria in granular sludge would allow a high operational DO concentration and promote the nitrogen removal performance of SBR2.
Promotion of the PN/A process by adjusting granule fraction: sludge discharge and aeration control strategy
The nitrogen removal performance of the PN/A process can be promoted by increasing the granule fraction properly. The two SBRs in this study had a similar biomass concentration, but the granule fraction of SBR2 (93%) was higher than SBR1 (58-68%). The volumetric NRR of SBR2 was 1.23 ± 0.08 kg N/(m 3 ·d), which was 54% higher than that of SBR1. At higher granule fractions, AOB was successfully enriched in granules, which is beneficial to the integration and balance between nitritation and anammox reaction. By increasing the DO concentration in an appropriate range (0.2-1.6 mg/L), the ammonium oxidation rate was improved without significant nitrite accumulation. It is indicated that anammox activity was not affected by the increase of DO but promoted by the increasing nitrite production rate. In this case, nitritation and anammox activity improved simultaneously, and the nitrogen removal performance of PN/A process was therefore promoted. An appropriate strategy was required to elevate granule fractions. According to the experimental results, the correct low floc concentration should be controlled to promote AOB growth in granules and avoid oxygen inhibition to anammox bacteria. It is suggested to discharge most flocs at one step and subsequently control a low floc fraction by adopting a short settling and decanting time. In this strategy, a gradual increase of DO concentration was also required to promote the NRR without inhibiting anammox bacteria. In order to maintain a stable operational performance, the nitrite concentration is suggested to be maintained in an appropriate range (5-20 mg/L) in case of anammox inhibition. As well, granule retention is critical to the stability of the PN/A system. Thus far, granule floating and washout has been observed in PN/A reactors (Ali et al. ), which was unfavorable to granule retention and requires further research.
CONCLUSION
Nitrogen removal performance of the PN/A process can be improved by increasing the granule/floc ratio appropriately. The proper low floc concentration can promote the enrichment of AOB in granules. In this case, nitritation activity is enhanced and the operational DO concentration is improved, which favor the improvement of NRR. A proper strategy to reduce floc concentration is a one-step discharge of most flocculent sludge and controlling a short settling and decanting time and gradually increasing DO concentration. þ /(L·h)) was calculated by biomass concentration and specific nitritation activity. 
